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ABSTRACT 
Effects of Flow Augmentation on Channel Morphology 
and Riparian Vegetation in the Upper 
Arkansas River Basin, Colorado 
by 
DeWitt S. Dominick, Master of Science 
Utah State University, 1997 
Major Professor: Dr. Michael P. O'Neill 
Department: Watershed Science 
Ill 
This study examined historic change of riparian plant communities and fluvial 
geomorphic response of gravel-bedded streams and their floodplains to over 50 years of 
hydrologic disturbance. Four tributary basins of the Arkansas River were analyzed. Lake 
Creek, Clear Creek, and Cottonwood Creek are drainages similar in area, physiography, 
and vegetation composition. However, Lake Creek may receive an instantaneous 
discharge of approximately 28 m3sec-1 from the Twin Lakes tunnel, over three times the 
normal flow of the stream during spring runoff. By contrast, Clear Creek and 
Cottonwood Creek, nonaugmented streams, were used as controls to compare the historic 
and present condition of natural flowing streams with Lake Creek. Lake Fork was also 
examined, another augmented stream that carries transmountain water stored in a 
reservoir to the Upper Arkansas River. 
IV 
Hydrologic data collected from U.S.G.S. gaging stations were used in an attempt 
to identify relations between specific flow events and corresponding changes in fluvial 
landforms, riparian vegetation patterns, and channel morphology . Topographic cross 
sections of the channel and floodplain were surveyed and hydraulic geometry at each field 
site was examined . Aerial photographs from 1938-39, 1956-57 , and 1988 were 
incorporated into a Geographic Information System (GIS) to prepare a series ofland 
cover maps of the river corridor at eight field sites on augmented and nonaugmented 
streams . 
Results indicate channel morphology and riparian vegetation cover on the active 
floodplains of Lake Creek and Lake Fork have experienced substantial change from 
natural physical and biologic conditions as a result of historic and present flow 
augmentation practices. The increase in water discharge without a natural sediment load 
in Lake Creek and Lake Fork appears to have caused accelerated rates of channel bank 
erosion, incision, and bank retreat below transbasin diversion releases . In some 
downstream reaches characterized by gentler slopes and wider valley bottoms, the width-
depth ratio of the channel has increased and sinuosity has decreased. Sites carrying 
transmountain water were characterized by higher shear stress and specific stream power 
values and larger bed material compared to control sites. Consequently, the Lake Creek 
and Lake Fork drainages show temporal and spatial loss of riparian vegetation adjacent to 
the stream channel in response to historic and present flow augmentation practices. 
Control watersheds, Clear Creek and Cottonwood Creek, where natural flow regimes 
exist, did not experience similar magnitudes of change in channel morphology or spatial 
distribution of riparian vegetation. 
V 
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BACKGROUND AND RESEARCH OBJECTIVES 
Throughout the Rocky Mountain West, healthy and productive natural 
environments require riparian ecosystems that perform many necessary functions. These 
riparian ecosystems form an important interface between upland and aquatic ecosystems. 
They act as a buffer against flood damage, reduce flood velocities, and decrease stream 
erosion. Riparian areas are biologically diverse and provide vital habitat for wildlife, fish, 
and avian species. As nutrient sinks, riparian ecosystems may filter pollutants, thus 
maintaining and improving water quality. Humans naturally are drawn to riparian areas 
for aesthetics and recreation. In the last two decades, the recognition of riparian zones as 
invaluable linkages to a healthy environment has triggered considerable scientific inquiry 
and a growing concern to manage and preserve riparian ecosystems for the future . 
Most researchers who have examined the geomorphic and biologic conditions of 
regulated rivers have studied downstream effects of dammed and/or dewatered river 
systems. Too much water brought about by flow augmentation also can disrupt natural 
river processes and degrade the riparian zone. Throughout the Rocky Mountains, 
diversion of water from the Colorado River basin to the Front Range for agricultural, 
industrial, and municipal use is a common practice. The Upper Arkansas River basin in 
south-central Colorado provides an opportunity to describe and quantify the historic and 
present condition of a watershed altered by such flow augmentation. Construction of 
transbasin diversion tunnels from the west to the east side of the continental divide has 
supplied the Arkansas River basin with augmented stream flow since the early 1900s. 
These transbasin diversions have changed the flow regime of high mountain streams 
throughout Colorado , and consequently altered geomorphic and riparian vegetation 
conditions. However , physical and biological responses to augmented flows in these 
stream systems generally have not been reported . Past, present, and future hydrologic 
development and subsequent effects on stream and riparian ecosystems create a practical 
reason to identify, quantify, and map historic channel morphology, and changes in the 
areal extent and plant community structure of riparian habitats . 
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The goal of my research was to examine the effects of flow augmentation on the 
spatial and temporal patterns of riparian plant communities and stream channel form 
within the Upper Arkansas River watershed. I address the issue of flow augmentation in 
headwater streams by comparing channel morphology and the distribution ofriparian plant 
communities on the floodplain in four tributary basins of the Upper Arkansas River 
watershed. 
The null hypothesis for my research is that augmented flows have not had a 
significant impact on channel morphology or the distribution and areal extent of the 
riparian vegetation immediately adjacent to the stream channel. Channel morphology and 
the areal extent of the riparian zone on augmented streams have experienced similar spatial 
and temporal patterns of change as nonaugmented drainages. 
My working hypothesis is that augmented flows have upset the dynamic 
equilibrium of stream systems in the Upper Arkansas River basin. The increase in water 
discharge and the lack of a commensurate increase in sediment load has caused 
accelerated rates of channel erosion , scouring, bank failure, and incision immediately 
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below transbasin diversions. On augmented streams, unconstrained reaches with relatively 
low valley slopes are characterized by actively eroding channels with large width-depth 
ratios . Consequentl y, the adjacent riparian zone has suffered degradation in many reaches 
of the stream due to the lateral growth of exposed cobble and gravel bars. These surfaces 
rarely support riparian vegetation because substrate is too coarse and the bars are 
susceptible to annual flood scouring and bed load transport. 
LITERATURE REVIEW 
Stream Geomorphic Controls and Ecology 
of Riparian Environments 
In the western United States , riparian systems most often form a conspicuous , 
narrow ribbon that parallels the river or stream channel and contrasts with adjacent semi-
arid uplands. Riparian ecosystems are defined by Swanson et al. (1982, p. 267) as "three-
4 
dimensional zones of direct interaction between terrestrial and aquatic ecosystems." 
Riparian areas include surfaces within and adjacent to the active stream channel (Ryan 
1994) and most often are characterized by their vegetation, soil, and frequency of flooding 
(Cowardin et al. 1979) . Flooding is the essential fluvial process and disturbance 
mechanism that influences the composition of the two other crucial variables: vegetation 
and soil. Typically , the upper limit of the riparian zone corresponds with the outer limits 
of normal flooding. However , this boundary is not static because annual changes in 
magnitude, duration , and frequency of floods affect water availability and distribution of 
riparian vegetation ( Auble et al. 1994, Scott et al. 1996). Likewise, different landform 
features and their disturbance mechanisms modify the spatial distribution and succession 
or seral stage of the riparian zone. 
The parent material of riparian wetland soils often is fine alluvial sediment that 
occurs as fluvial landforms. The development of these surfaces, their soils, and associated 
plant communities depends on scour and fill during flood events. The effects of floods 
diminish laterally away from the active channel. Consequently, the oldest riparian plant 
communities commonly are found farthest from the active channel while surfaces closer to 
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the channel are characterized by younger stands (Everitt 1968, Gregory et al. 1991). 
Avalanche chutes, side tributaries, springs, and other external controls like human 
irrigation practices or beaver (Castor canadensis) also may alter the elevation of the water 
table and the extent of the riparian zone (Swanson et al. 1988). 
Beaver activity is another example of a natural disturbance mechanism that can 
cause an indefinite period of inundation and subsequent alteration of the floodplain 
environment. Beaver are most likely to colonize unconstrained reaches of high mountain 
streams . In areas with a wide valley bottom, beaver structures impound flow, reduce flow 
velocity, and create large inundated surfaces across the floodplain. Beaver dams and 
ponds affect local hydrology by raising the water table, extending the temporary storage of 
water on the floodplain, and inducing sediment deposition (Ives 1942, Butler and 
Malanson 1995). Ives (1942) suggested that beaver often accelerate the paludification 
process, the major accumulation of peat and silt that results in lateral development of 
riparian meadows, shrubs, and bogs into the adjacent forest and valley bottoms. The 
formation of thick mats of peat and fibrous roots helps establish fine alluvial bank material 
that is more resistant to erosion when compared with coarse, unconsolidated, glacial 
material. Colonization of the floodplain environment by beaver ultimately leads to 
establishment of riparian shrub and sedge meadow communities. 
Many Rocky Mountain forests, including riparian plant communities, reflect 
changes in two environmental gradients: elevation and soil moisture. Through increasing 
elevation, broad-leafed riparian forests dominated by Populus spp. are replaced by 
numerous Salix spp., Betula spp., and A/nus incana ssp. tenuifolia along stream banks 
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and moist meadow edges (Peet 1988). Salix thickets continue to dominate stream side 
vegetation in the Rocky Mountains up to the tree line. Many tree species such as Pinus 
contorta ssp. latifolia , Abies /asiocarpa, Picea engelmannii, and Popu/us tremuloides 
prefer to colonize well drained gravely surfaces adjacent to stream banks. By contrast , 
riparian shrub and moist meadow communities dominated by Alnus incana ssp. tenuifolia, 
Salix spp. , Betula spp. , and Carex species prefer wet , boggy terrain, typical of subalpine 
valley bottoms with excess soil moisture and cold-air drainage (Peet 1988). 
A distinct boundary or line between upland forests and riparian communities often 
coincides with a change in the valley topography, from valley bottom to steep valley walls. 
In areas where valley walls or bedrock constrict the channel, banks are composed of 
coarse rocky soil that supports forest vegetation. In segments characterized by a well 
developed floodplain, high water table, low gradient , and fine-grained soils, riparian shrubs 
and sedge meadows predominate. Although conifers do not typically colonize the valley 
flat, Pinus contorta ssp. latifolia seems to tolerate wet valley bottom conditions, often 
forming a mixed conifer forest/riparian shrub community (Ryan 1994). 
Within the riparian corridor , dynamic interactions among geomorphic processes , 
landforms, and vegetation occur on many spatial and temporal scales ( Gregory et al. 
1991). Long-term monitoring of geomorphic, hydrologic, and biologic characteristics of 
riverine systems allows us to detect landscape changes over time, and determine possible 
causes of the change (Osterkarnp et al. 1991). As a result, the use of vegetation analyses 
and hydrologic data to interpret geomorphic processes represents an innovative research 
approach used to detect changes and establish possible causes of change (Sigafoos 1964, 
Everitt 1968, Turner 1974, Asplund and Gooch 1988, Hupp 1992). 
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Until recently, the relationship between spatial and temporal patterns of riparian 
vegetation, floodplain topography, and stream channel forms received only limited 
consideration. Hupp and Osterkamp (1985) suggested that patterns of woody riparian 
vegetation may be associated with observable fluvial landforms. These fluvial landforms 
include depositional bars, floodplains, and terraces, and are usually distinguished by 
distinct topographic levels above the stream channel. Hydro-geomorphic processes, 
namely frequency and duration of flooding, periods of inundation, and changes in rates of 
aggradation and degradation, shape fluvial landforms (Hupp 1988) and thereby determine 
the plant communities capable of establishment and survival (recruitment) on these alluvial 
surfaces. "Thus, it is the hydro-geomorphic processes operating differently on different 
landforms that actually affect the plant patterns, not the landforms per se" (Hupp and 
Osterkamp 1985, p. 680). 
Stream flow exerts an eroding force or shear stress on the stream banks and bed. 
If a channel maintains an equilibrium form, then the resisting strength of the banks and bed 
is approximately balanced by the shear stress exerted by flow at the perimeter of the 
channel. Natural channels tend to migrate laterally by erosion on one bank and deposition 
along the opposite bank when shear stress is greater than bank strength. Vertical 
accretion may also contribute to floodplain formation as overbank flows deposit sediment 
along adjacent floodplain surfaces. If rates of erosion and deposition are in equilibrium, 
the channel position shifts and migrates, but channel pattern and the configuration of the 
cross section remains stable (Leopold et al. 1964 ). 
The magnitude of flood impact on channel form, and the time necessary for 
recovery, depends on the character of streamside vegetation (Gupta and Fox 1974, Baker 
1977, Wolman and Gerson 1978). Much of the variability in plant communities comes 
from disturbance caused by flood events, and the erosion and deposition of material that 
results from high flows (Resh et al. 1988). Fluvial processes that form floodplains, point 
bars, and lateral accretion bars create fresh surfaces for the establishment of new plant 
communities (Swanson 1980, McBride and Strahan 1981 ). Once established, vegetation 
becomes an integral part of the fluvial system (Hupp and Osterkamp 1985) and may 
regulate the movement and temporary storage of sediment from upstream sources. 
The model of channel and floodplain formation by lateral accretion, erosion on the 
outside, concave banks, and deposition on convex point bars (Leopold and Wolman 
8 
1957) may represent the predominant process along an unconstrained stream segment, but 
may not apply to a constrained, entrenched, or bedrock-confined channel. Therefore, to 
understand the prevailing processes that control the complexity and formation of high 
mountain streams, local physiography and stream hydrology must be considered. Pugin 
(1996) found a significant correlation between width of the alluvial valley and width of the 
riparian zone in subbasins of the Upper Arkansas River, Colorado. As valley walls 
created by moraines, bedrock walls, landslides, or alluvial fans pinch towards the active 
stream channel, valley bottom width and extent of riparian vegetation decrease. Historic 
outwash fans constrict the channel, limiting channel migration and formation of wide 
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floodplains. Where the valley widens and slope decreases, the active channel migrates 
laterally and maintains a more extensive floodplain capable of supporting a healthy riparian 
community across several heterogeneous environments, including remnant channels, 
beaver ponds, bogs, and willow carrs. 
Debris flows derived from avalanche chutes and side tributaries often transport 
material from the adjacent mountain slopes to the valley bottom and provide a major 
source of sediment to the drainage network (Swanson et al. 1988). This input of material 
contributes to the formation of depositional bars immediately downstream. These lateral 
and mid-channel bars then provide a surface for the recruitment and establishment of 
riparian vegetation (Friedman 1993, Dennis-Perez et al. 1996). 
Riparian Vegetation Establishment and 
Recruitment 
The hydro logic cycle of most Rocky Mountain streams is dominated by snowmelt 
and associated peak annual flows. Scott et al. (1993) discuss the stream hydrologic 
characteristics critical to conditions necessary for establishment, growth, and survival of 
native riparian vegetation. For snowmelt dominated systems in arid and semiarid regions 
of North America, the phenology of many native riparian species depends on such flood 
events. Seed germination and establishment on floodplain surfaces may require specific 
soil moisture and sedimentation rates that are only associated with flooding (Nanson and 
Beach 1977, Scott et al. 1996). Thus, recruitment of many riparian plant species relies on 
a small window of opportunity when seed dispersal and receding spring floods correspond 
in time (Everitt 1968, Scott et al. 1996). The distribution of propagules by water or wind 
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to fresh, moist geomorphic surfaces formed by floods is critical to riparian vegetation 
establishment and maintenance. Given natural conditions, seeds lose their ability to 
germinate within 1 to 2 weeks. Therefore, seeds must reach a surface with suitable soil 
moisture and substrate characteristics shortly after release. Once the seeds germinate, the 
shape of the receding limb affects seed survival rates. If the alluvial water table elevation 
declines at a faster rate than seed root growth, mortality is high. Seedling roots must 
maintain continuous contact with saturated or sufficiently moist substrate during initial 
development. Once a sapling is established, long-term survival depends on the ability to 
withstand annual flood flows and potential ice scour. Everitt (1968) found that the areal 
distribution and age of cottonwood stands is strongly correlated with channel migration 
rates and floodplain building processes. "Flood training" is a term used to describe the 
process when saplings are flattened by flood waters and buried by freshly deposited 
sediments (Everitt 1968). Although saplings may be knocked down and buried, new 
stems develop from the buried stem. The process may be repeated by successive floods 
and associated deposition, giving vegetative stands a stair-step appearance. As the 
channel moves away from the vegetated surface, the plants escape the zone of flood-
training as fewer floods inundate the aggrading surface. Once established, a very large 
flood is necessary to completely uproot and remove a plant. Thus, the establishment and 
survival of riparian vegetation depends on its hydraulic position. If a seed germinates too 
low in the channel profile, it is subject to scour and removal by successive peak flows. If 
germination and establishment occurs too high on the channel profile, seedling roots lose 
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contact with the water table, and drought stress leads to mortality during low summer 
flow (Scott et al. 1993). 
Bank strength is usually determined by the size, composition, and cohesiveness of 
bank material. However , well-established vegetation and its root system improves soil 
structure and strength . When vegetation is present, the erodibility of stream banks is 
reduced because vegetation provides a friction or roughness element along the channel 
boundary that decreases flow velocity and stream power. With increasing size, 
cottonwood and willow species are more resistant to removal by scouring and may act as 
a potential trap or sink for sediment (Scott et al. 1993). Aggradation of :fine materials may 
accelerate soil formation and vegetation development . 
Effects of Flow Augmentation on Channel 
Dimensions and Riparian Vegetation 
The geomorphology and hydrology of a watershed generally control the fluvial 
processes that shape alluvial landforms and determine the areal extent and predominant 
plant community composition of the riparian zone. A substantial body of literature exists 
describing response of riparian vegetation and channel patterns to stream diversions and 
dam closures in western North America (Williams and Wolman 1984, Andrews 1986, 
Harris et al. 1987, Stromberg and Patten 1990, Schmidt and Graf 1990, Smith et al. 1991, 
Johnson 1992, Johnson 1994, Ryan 1994). These studies show that reduced flows may 
cause a shift in plant community composition and/or a loss of riparian species along the 
outer limits of the riparian zone due to water stress. Loss of native riparian species such 
as cottonwoods and willows (Johnson 1992), and vegetation encroachment on the historic 
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active floodplain and channel (Johnson 1994) by more drought-tolerant species like salt 
cedar (Tamarix ramosissima) (Turner 1974) are all responses to hydrologic modification 
and the loss of peak flows. By contrast, flow augmentation increases the magnitude, 
duration, and frequency of large flows, inhibiting vegetation establishment and recruitment 
through excessive erosion, inundation, and loss of topographic surfaces to colonize 
adjacent to the active channel. 
Far less is understood or documented about the effects of flow augmentation, a 
less common practice of stream modification (Kellerhals et al. 1979, Bradley and Smith 
1984, Stromberg and Patten 1992, Henszey et al. 1991). Transbasin diversion practices 
often create a dramatic increase in magnitude, duration, and frequency of high flows, a 
modification that causes substantial changes in vegetation and channel patterns of river 
systems, and may disrupt a river's relatively stable state . 
Flow augmentation is an example of a human disturbance where alteration of the 
natural hydrograph causes the river channel to degrade, widen, or deepen, and the former 
floodplain may become a terrace (Kellerhals et al. 1979, Bradley and Smith 1984, Leopold 
1994). Channel incision may lower the water table below the rooting zone of some plant 
species. This incision may create a water-stressed environment that could reduce 
vegetation cover and lead to the mortality of juvenile plants and a shift in riparian plant 
community composition (Smith et al. 1991 ). Kellerhals et al. ( 1979) provided a qualitative 
description of morphological effects of 11 Canadian interbasin river diversions. They 
found the response of drainage networks to flow augmentation depends largely on the 
specific case history and local geologic controls. However, some basic trends in riverine 
systems affected by flow augmentation included: 
1. channel entrenchment, 
2. widening, 
3. degradation, 
4. decreased sinuosity, 
5. increased sediment loads, 
6. increased substrate size, 
7. increased frequency of bankfull discharge, and 
8. loss of adjacent vegetation by bank erosion and scour. 
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Stromberg and Patten (1992) compared the density, distribution, and growth 
response of a willow species in an upstream control reach and an augmented flow reach. 
They found lower areal cover and density of willows, and a high relative abundance of 
dead trees in the reach receiving additional flows. Henszey et al. (1991) examined the 
response of riparian vegetation to flow augmentation in ephemeral channels in southeast 
Wyoming. After 2 years of conveying water through an ephemeral channel, surface and 
groundwater levels rose, causing a shift in herbaceous vegetation from upland to more 
water-tolerant species. However, in a high mountain perennial stream, extra stream 
energy associated with augmented flows may change the age distribution and density of 
riparian vegetation as well as adjust the physical characteristics of the channel and 
floodplain, but may not necessarily alter the plant community composition (Stromberg and 
Patten 1992). 
14 
Augmented flows associated with transbasin diversions typically lack sediment, 
and may be termed "hungry water." With additional flow, the river has increased energy 
to transport a greater sediment load. The increased sediment load entrained from rapidly 
degraded stream reaches with high gradients may cause accelerated aggradation in low 
gradient, downstream reaches (Hupp and Simon 1991 ). Bank failure, loss of fine 
sediments, and degradation of channel form also can lead to changes in channel pattern. A 
once stable, narrow meandering stream section in dynamic equilibrium may incise and 
cause downstream braiding because the stream becomes overloaded with sediment (Lane 
1957). In these situations, the stream lacks sufficient energy to transport excess bed load 
derived from erosion and mass wasting of streambanks. The result is deposition of mid-
channel bars in less steep stream reaches. Rapid, annual migration of the channel and 
extreme rates of sediment aggradation also may inhibit vegetation establishment on 
channel bars and banks (Bradley and Smith 1984, Nanson and Croke 1992). 
Few studies of geomorphology and/or plant community ecology examine the 
downstream effects of flow augmentation on river systems. Previous research has not 
adequately examined the past and present conditions of mountain streams affected by 
transbasin diversion flows. This study attempts to document effects of flow augmentation 
on channel morphology and riparian plant communities on tributaries of the Arkansas 
River, Colorado by: 
1. comparing present channel and hydraulic characteristics on nonaugmented and 
augmented streams, and 
2. mapping historic change of the stream channel morphology and the distribution of 
riparian plant communities. 
This is a necessary approach to determine how and why these streams achieved their 
present conditions, and what changes (if any) may be expected in the future. 
15 
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STUDY AREA 
The project area encompasses the uppermost portion of the Arkansas River 
watershed, an area that includes approximately 3,155 km2, from the headwaters just north 
of Leadville to Salida (Figure 1). The Arkansas Valley is the northern end of the Rio 
Grande Rift (Chronic 1980). The basin is characterized by a long, structural down-faulted 
trough . The main topographic features bordering the valley are two mountain ranges that 
are parallel in a north-south direction, the Sawatch Range on the west , and the Mosquito 
Range on the east. Both ranges rose as part of a single uplift during the Lararnide 
Orogeny, together forming one wide faulted anticline. The Sawatch peaks on the north 
end of the valley mostly consist of metamorphic rocks , Precambrian gneiss, and schist. 
Farther south between Buena Vista and Salida, the peaks are parts of a much younger 
Tertiary intrusion (Chronic 1980). Glaciation is responsible for the predominant 
landforms in the Sawatch Range. Prevalent glacial features include cirques on high 
mountain slopes, U-shaped valleys, moraines, and large glacial outwash fans. 
The structural trough cut by the Arkansas River is delineated into two 
intermontane subbasins: the Leadville basin and the Buena Vista-Salida basin. These 
basins developed in soft sedimentary formations, deposits of thick alluvial material of 
Quaternary and Tertiary age, and remain separated by a stretch of narrow canyon where 
the river is entrenched in resistant rock (Fletcher 1975). The basins are filled with deep 
basin-fill deposits primarily composed of unconsolidated sand and gravel. Glacial deposits 
derived from the higher adjacent montane drainages overlie these basin-fill deposits in 
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Figure 1. Study area, Upper Arkansas River basin, Colorado. Field sites are located on 
tributaries of the Arkansas River : Lake Fork (Site 19); Lake Creek (Sites 14, 15, 16); 
-Clear Creek (Sites 8, 10); and Cottonwood Creek (Sites 3, 4). 
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many areas of the valley. Recent alluvial deposits along the Arkansas River and its major 
tributaries are composed of sand, gravel, and cobbles with dispersed clay and silt lenses 
(Crouch et al. 1984). These deposits form many different alluvial aquifers in the basin that 
store groundwater and contribute to stream flow. 
The main tributaries of the Arkansas River drain east from the continental divide, 
dissecting the Collegiate Peaks, a series of rugged mountains in the Sawatch Range that 
reach elevations over 4,300 ms above sea level (ASL). Glacial U-shaped valleys filled 
with coarse alluvium are drained by the main tributaries of the Arkansas River: Lake 
Creek , Lake Fork, Clear Creek, Cottonwood Creek, and Chalk Creek. Each tributary is 
comprised of low-order streams that form dendritic drainage networks through subalpine 
and alpine environments. Low-order streams often originate as avalanche paths and drain 
precipitous mountain slopes and lateral moraines that border the valley bottoms. In 
drainages that still maintain a natural flow regime (no water diversions), stream 
morphology changes as valley width and slope change. Confined valley and bedrock-
entrenched stream reaches are characterized by high energy, steep cascade-pool reaches 
with limited riparian vegetation development. Less steep, meandering reaches usually 
exhibit wider valley bottoms and well developed floodplains and terraces. Longitudinal 
profiles of valley slope on the mainstem Arkansas River and its tributaries made from 
U.S.G.S. 1 :24,000 topographic maps appear in Figure 2. 
Within a watershed, elevation and moisture gradients contribute to changing 
vegetation composition. At higher elevations, wet valley bottoms of tributaries of the 
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Figure 2. Longitudinal profiles of valley slope on the main stem Arkansas River and its tributaries from U.S.G.S. 
1 :24,000 topographic maps. 
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Arkansas River are covered by dense riparian communities dominated by short ( <2 m) 
willows (Salix planifolia and S. woljii), high alpine sedges (Carex species), grasses, bog 
birch (Betula glandulosa), and shrub cinquefoil (Potentilla fruticosa). Along well-
drained, lower reaches of the tributaries, more diverse vegetation composition exists that 
includes mesic species: ponderosa and pinyon pine (Pinus ponderosa and P. edulis), 
juniper (Juniperus monosperma), and mountain mahogany (Cercocarpus ledifolius) . 
Dominant riparian plant species at lower elevations include: alder (A/nus tenuifolia), 
cottonwoods (Populus angustifolia and P. balsamifera), and numerous tall willows (Salix 
exiqua, S. monticola, S. ligulifolia , S. geyeri). Below tree line, thick stands of aspen 
(Populus tremuloides) and conifers are abundant along steep mountain slopes that adjoin 
stream banks. 
Precipitation in the watershed varies considerably, depending on season and 
elevation in the basin. Mean annual precipitation may range from less than 260 mm in the 
Lower Arkansas River valley to more than 1000 mm along the highest ridge lines and 
peaks(> 4,300 m). As winter storms carrying moist air move east from the Pacific Ocean, 
the orographic effect of the Rocky Mountains leads to major snowfall at higher elevations 
(Crouch et al. 1984). Most moisture is stored as snowpack, accumulated during the 
colder months along the western slope of the mountains. As temperatures rise in late 
spring and early summer, snowmelt contributes the majority of annual stream flow as 
surface runoff during a relatively short period. Therefore, the rate of annual sediment 
transport is greatest and stream channel maintenance is most likely during spring runoff 
when discharge reaches or exceeds bank:full stage (Andrews 1980). 
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The first significant industrial development by white settlers in the Upper Arkansas 
River basin began in 1859 with the discovery of placer gold and other precious metals. 
Prospectors poured into the valley in hopes of making a quick fortune. Soon thereafter, 
towns developed along the river corridors to support the growing industry and 
populations. As the boom-bust cycles of the mining industry subsided in the late 1800's, 
many people turned to livestock ranching and agriculture , industries that remain the 
primary land-use practices today. Remnants of the historic mining industry still are visible. 
The U. S. Environmental Protection Agency declared the town of Leadville a super:fund 
site in 1990. Piles of placer excavated from river channels, mine tailings, and acid mine 
drainage leave an irrevocable imprint on the landscape and have seriously degraded water 
quality in the Leadville area (U.S.F.W.S . 1993). 
Water development in Colorado traditionally has lacked political accountability 
because the state abdicates any role in water planning (N.R.C. 1992). As early as 1910, 
construction oftransmountain diversions from the Colorado River basin, west of the 
continental divide, established a new era of water development in the state (U.S.F.W.S. 
1993). Colorado water law stipulates that the volume and frequency of diversions be 
administered according to the prior-appropriation doctrine. The doctrine states, "first in-
use, first in-right." As a result, streams east of the Rocky Mountains in Colorado 
generally are overappropriated. It was an erroneous, but convenient assumption that 
headwater streams in the Colorado basin provided periods of water surplus during spring 
runoff (Crouch et al. 1984 ). Thus, it became a common practice to intercept these 
streams draining west to the Colorado River and convey their waters by tunnel to 
headwater streams flowing eastward (Crouch et al. 1984). 
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Over the past several decades, the Arkansas River valley has been transformed into 
an intricate plumbing system controlled by an extensive network of aqueducts, tunnels, 
canals and reservoirs. Completion of the Fryingpan-Arkansas River project significantly 
changed flow characteristics of the basin by increasing reservoir storage and importing 
approximately 80,000 acre-feet per year of water from the Colorado River basin (Crouch 
et al. 1984, Abbott 1985). Today's agricultural and ranching communities in the upper 
basin depend on the Arkansas River for irrigation and municipal water use. However, 
expansion of hydro logic projects over the last several decades were implemented to 
provide supplemental water for irrigation and serve growing demands of urban centers in 
the lower Arkansas River basin or Front Range, primarily the cities of Pueblo, Colorado 
Springs, and Aurora, Colorado. 
Abbott (1985) and N.R.C. (1992) provide a complete description of the water-
system operations, transfers, and socio-politics in the Arkansas River basin. There are 
four major transmountain tunnels that divert Colorado River basin water to the Arkansas 
River watershed (Figure 1 ). They include the Homestake, the Charles H. Boustead, the 
Busk-Ivanhoe, and the Twin Lakes tunnels. New or enlarged reservoirs included in the 
Fryingpan-Arkansas Project are the Sugarloaf Reservoir, the Twin Lakes Reservoir, and 
the Mount Elbert forebay. These transmountain diversions and reservoirs are used to 
transport and store spring and early summer runoff to serve the water demands of 
downstream users later in the year (Crouch et al. 1984). Since 1987, the Boustead and 
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Homestake tunnel diversions have had limited impacts on the local riparian zone because 
the tunnels discharge water directly into Turquoise Lake (Sugarloaf Reservoir). However, 
increasing the storage capacity of the reservoir from 17,416 acre-feet to 129,490 acre-feet 
in 1968 inundated a substantial area of riparian wetlands near the mouth of the Lake Fork 
drainage, and subsequent releases of transbasin water from the reservoir have affected 
Lake Fork further downstream. 
Twin Lakes Tunnel enters the North Fork of Lake Creek approximately 18 km 
upstream from Twin Lakes Reservoir (Figure 1). Therefore, a majority of the stream's 
length carries augmented flows , unlike several other transmountain diversions in the basin 
where transbasin water flows directly into a reservoir or aqueduct (Abbott 1985). During 
spring flooding, maximum daily discharge from the tunnel may exceed 28 m3sec-1, over 
half the daily maximum discharge of the river recorded near the head of reservoir. 
Preliminary observations indicate that over 50 years of augmented flows have 
substantially altered the stream's natural channel pattern and caused extensive scouring, 
channel widening, incision, and braiding in various sections of Lake Creek and Lake Fork. 
Lake Creek and Lake Fork and their altered floodplain environments were used as a case 
history/model to achieve an E.P.A. project objective: to identify and prioritize potential 
riparian restoration sites in the Upper Arkansas River basin. The methodology presented 
in this study helped achieve this goal by: 
1. examining the physical and biological effects of flow augmentation on channel and 
riparian condition, and 
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2. identifying areas most susceptible to historic degradation, and therefore candidate sites 
for potential restoration. 
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METHODS 
A spatial and temporal comparison of Lake Creek (drainage area= 194 km\ 
Clear Creek (174 km2), Cottonwood Creek (168 km2), and Lake Fork (87 km2) was used 
in this study. I characterized changes in stream morphology and riparian vegetation cover 
at eight field sites in these tributary basins of the Arkansas River, Colorado. The 
drainages are comparable in physiography, vegetation composition, natural discharge, and 
valley slope. Each field site corresponds with a designated number (see Figure 1 for 
location). Three of these sites (14, 15, 19) have experienced flow augmentation while five 
others (3, 4, 8, 10, 16) are responding to natural flow conditions. The numerical labels at 
my field sites are not sequential because my research was a part of a larger study that 
identified and prioritized potential riparian restoration sites throughout the Upper 
Arkansas River basin. Clear Creek (8, 10) and Cottonwood Creek (3, 4) were used as 
control sites to illustrate the condition of drainages with no upstream flow augmentation . 
Lake Creek (14, 15) and Lake Fork (19) have augmented flow regimes and represent two 
drainages with altered hydrologies. Above the Twin Lakes Tunnel, Lake Creek (16) has a 
natural flow regime and was also used as a control reach. Photographs of Lake Creek and 
Clear Creek appear in Figures 3 and 4, and are used to illustrate the present condition of 
field sites on augmented and nonaugmented streams. 
Comparisons of hydro logic, geomorphic, and riparian conditions between and 
within drainages were made with caution. Other parameters that influence physical and 
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A 
B 
Figure 3. Photographs of field sites along Clear Creek in the Upper Arkansas River basin. 
A. Upper Clear Creek (Site 10), nonaugmented stre~ characterized by a wide valley 
bottom, dense riparian vegetation, and an unconstrained , meandering stream channel; 
B. Typical beaver pond and lodge located above the active channel. 
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Figure 4. Photographs of field sites along Lake Creek and Lake Fork in the Upper 
Arkansas River basin. A Downstream from the Twin Lakes Tunnel on Lake Creek (Site 
15) showing a wide, braided channel with coarse cobble bars, eroding banks and loss of 
riparian vegetation adjacent to the channel; B. Lake Fork (Site 19) exhibiting bank 
failure, more coarse bed material , increased areal extent of exposed bars , and a wide active 
channel. 
biological patterns such as local valley width, slope, and land-use must be closely 
evaluated and considered (Pugin 1996). 
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Mapping and interpretation of channel forms and plant communities from aerial 
photographs formed the foundation for this study. Maps were prepared from a 
chronological sequence of aerial photographs taken between 1939 and 1988. Map sites 
included segments of Lake Creek, Lake Fork, Clear Creek, and Cottonwood Creek. In 
this research, I characterized changes in the areal extent and spatial distribution of fluvial 
geomorphic features and riparian vegetation. Several data sources were used here, 
including vertical aerial photographs, hydrologic data collected from U.S.G.S. gaging 
stations, and extensive field surveys of channel and floodplain cross sections and their 
associated plant communities. Together, these data resources allowed for measurements 
to document historic changes in the stream system and adjacent riparian corridor. 
Sequential maps showed how channel pattern, depositional bars, floodplains, and their 
associated plant communities have changed over the last half century. Floodplain and 
channel cross sections, and bed material size analyses helped characterize and show the 
present condition of the stream channel and floodplain environment at each site. 
Field Reconnaissance 
In summer 1993, a reconnaissance trip to the field area served to identify the 
predominant plant communities and morphological features of the Upper Arkansas River 
basin. Dramatic changes in vegetation and channel features occur coincident with changes 
in valley floor properties, slope, and elevation. As the valley narrows and steepens, the 
level of channel confinement influences the rate oflateral channel movement and 
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subsequent formation of a floodplain and riparian zone. The degree of channel 
confinement ( constrained or unconstrained) denotes the relationship of channel width to 
valley width. In constrained stream segments, the valley bottom width, the distance 
between valley walls, is not much greater than the active channel width. If the valley 
bottom width is approximately ten times the channel width or less, I called the stream 
reach "constrained." In the Upper Arkansas River basin, constrained stream segments are 
characterized by steep slopes, straight and/or entrenched channels, and narrow riparian 
zones. By contrast, unconstrained stream channels flow through wide valley bottoms 
where the distance between valley walls is many times the width of the active channel 
(Ryan 1994). If the valley bottom width is approximately ten times the channel width or 
greater , I called the stream reach "unconstrained." Unconstrained stream segments in the 
Upper Arkansas River basin typically are characterized by low gradient, meandering 
channels that erode laterally, forming a wide floodplain and riparian zone. Unconfined 
stream segments usually are colonized by beaver, a keystone species whose activity greatly 
influences vegetation composition and local hydro-geomorphic properties of montane and 
subalpine environments. 
Eight field study sites were selected along four major tributaries of the Upper 
Arkansas River. Field study sites were determined by the following criteria: 
1. availability of high quality historic aerial photograph coverage, 
2. access through public or in some cases private lands, 
3. sites that represented both constrained and unconstrained stream environments, 
4. sites with characteristics of similar contributing basin area, elevation, natural 
hydrology, and channel morphology , and 
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5. sites physically unaltered by anthropogenic activity such as the construction ofroads , 
railroads , or structures. 
Independent basin and channel controls at each field site are described in Table 1. 
Field Survey Methods 
Floodplain and channel cross sections were surveyed with a geodetic total station 
in late summer months at low flow when wading the streams was possible . At each site, 
three to five cross sections were surveyed , spaced along the channel at approximately 50 
m increments. Channel bottom and floodplain elevation were surveyed, and descriptions 
of dominant vegetation types were made at 1- to 2-m intervals at each cross section. 
Major plant community types used as mapping units at field sites and described along 
cross sections are listed in Table 2. An effort was made at each study area to choose 
channel units that were comparable between field sites . Channel profiles were measured 
across stream segments characterized by a relatively straight channel and riflle/run 
complex. Meandering sections and areas presently colonized by beaver were avoided. 
The active floodplain is defined as the level surface adjacent to the channel 
constructed by the river in the present climate, and inundated by moderate floods. 
Characteristics observed in the field to identify the floodplain include: change in 
vegetation composition, change in substrate size and composition, and high water marks. 
Table 1. Independent basin and channel controls: Upper Arkansas River basin, Colorado 
Contributing 
Elevation Basin Area Channel 
Stud~ Site Flow Resime ~ml ASL ~km2l Stoee Valle~ Floor T~e Riearian Vesetat ion T~e 
Lake Fork augmented 2926 87 0.006 unconstrained willow shrub/shrub cinquefoil 
(site 19) grass/sedge meadow 
Lake Creek augmented 3170 52 0.012 unconstrained willow/ bog birch shrub; conifer; sedge/rush, 
(site 15) and grass meadow 
Lake Creek augmented 2950 180 0.016 constrained alder/willow shrub; 
(site 14) mixed forest (aspen/conifer); sedge meadow 
Lake Creek natural 3230 34 0.010 constrained willow/ bog birch shrub/shrub cinquefoil; 
(site 16) sedge meadow 
Clear Creek natural 3206 32 0.014 unconstrained willow/ bog birch shrub/ shrub cinquefoil; 
(site 10) sedge meadow 
Clear Creek natural 2780 154 0.033 constrained mixed forest (cottonwood/aspen/conifer); 
(site 8) alder/willow shrub 
Cottonwood Creek natural 3011 50 0.023 unconstrained willow/alder/bog birch shrub; mixed forest 
(site 4) (cottonwood/conifer) 
Cottonwood Creek natural 2530 IOI 0.033 constrained forest ( cottonwood/aspen/ 
(site 3) maple) ; willow/alder shrub 
w 
...... 
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Table 2. Land-cover classification and major plant communities : 
Ueeer Arkansas River basin, Colorado 
Secondary Type at a Plant Community Type 
Mapped Reach Scale along Channel 
Primary T~e (1 :8000) Unit Cross Sections Abbreviation 
Forest conifer conifer CON 
upland forest aspen/conifer ASP/CON 
riparian forest cottonwood/alder COT /ALD 
Shrub upland shrub dry shrub DS 
riparian shrub wet/moist/dry willow WW/MW/DW 
alder ALD 
birch BIR 
Meadow upland/xeric meadow dry meadow DM 
riparian meadow wet/moist meadow WM/MM 
agricultural meadow irrigated meadow IM 
Non-vegetated sand/gravel /cobble bar unvegetated channel UC 
bedrock 
road 
barren ground 
Water channel active channel CH 
side channel side channel SCH 
beaver eond beaver eond BP 
Generally, the active floodplain is defined as the surface adjacent to the channel that is 
usually flooded by a discharge with a 1- to 2-year recurrence interval on lowland streams. 
However, on nonaugmented streams of the Upper Arkansas River basin, the 10-year flood 
appears to correspond more closely to the bankfull discharge than the 1- to 2-year flood 
event. 
On 22 June 1995 and 25 June 1995, high flows that reached or slightly exceeded 
bankfull conditions were observed at field sites on Lake Creek and Clear Creek, 
respectively. Mean daily discharge recorded at the gaging stations on Lake Creek and 
Clear Creek were 67 m3sec-1 and 22 m3sec-1, respectively. Subsequent flood frequency 
analyses show that these floods closely correspond to the 10-year flood events on these 
respective drainages. 
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During these peak flows, the water surface elevation was observed and drawn on 
each channel cross section at these field sites. The correspondence between the 10-year 
flood and the channel bankfull condition was used to examine channel morphology at each 
field site. Channel and hydraulic characteristics , including channel area (A), wetted 
perimeter (P), hydraulic radius (R), bankfull width (W), mean depth (D), and maximum 
depth (Dmax), and the width-depth ratio (W/D) were estimated for each cross section. 
Longitudinal profiles of water surface slope at base flow and the estimated 10-year flood 
(1995 observed peak flows) also were identified at each field site. 
Particle Size Analysis 
The size of alluvial material on active mid-channel and lateral bars at each field site 
was estimated using Wolman's (1954) pebble count method. Pebble counts describe the 
particle size distribution of the entire bar surface. The number of individual samples (100 
particles/sample) varied depending on the ratio of total active bars to length of the study 
reach. The sampling scheme included walking along an imaginary grid that covered the 
entire bar, and reaching down to the surface and picking up the first particle touched by 
the hand. The intermediate, b-axis, was measured and recorded, and the particle was 
discarded from the bar. Another step was taken along the grid, and the method repeated 
until 100 particles were measured. The median particle size, (Dso), was calculated and 
used to characterize differences in bed material size between natural and augmented 
streams. 
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Channel Hydraulics 
Standard equations were used to calculate stream power and shear stress. Total 
stream power (Q) is given by: 
Q=yQS (1) 
where y is specific weight of water (pg= 9,800 Nm·\ pis density of water, g is the 
acceleration of gravity , Q is discharge (m3sec·1) , and Sis slope . Similarly, specific stream 
power (ro) is defined as : 
ro = yQS/wc 
where We is bank.full channel width and all other terms are as defined in Eq. 1. 
Average boundary shear stress ('t) is defined as : 
-r = yRS 
(2) 
(3) 
where R is the hydraulic radius(= A/P) , A is cross-sectional area, Pis wetted perimeter , 
and all other terms are as defined above. The force necessary to mobilize the median 
particle size at each field site was detennined by estimating critical shear stress 'tcso (Nm-2) 
using the Shields relation (Shields 1936), 
'tc50 = -r* c5o(Ys - Yr)Dso (4) 
where -r* cso is the critical dimensionless shear stress for the median particle diameter of the 
bed surface, Ys is the specific weight of the solid (Nm·\ Yr is the specific weight of the 
fluid (Nm·\ and D50 is the median particle diameter (m) of bars at each field site. Critical 
dimensionless shear stress values have been found to vary over a wide range because they 
are affected by bed material size distribution (Andrews 1983). To approximate critical 
shear stress in this study, -r* cso = 0.033 was used, the most common value found by 
Andrews (1983) for non-uniform, coarse-bedded streams. 
Aerial Photograph Analysis and Geographic 
Information Systems 
Interpretation of aerial photography is a common method to obtain detailed 
wetland or riparian community data (Jensen et al. 1986, Huber 1981 ), and assess 
geomorphic changes of fluvial landforms through time (Stevens et al. 1995). Collecting 
35 
information from an aerial perspective often is a more accurate technique than traditional 
ground sampling methods to assess vegetation patterns, boundaries, and areal extent of 
land cover (Gammon and Carter 1979); this is particularly true when the study site covers 
a large area. 
The ability to categorize vegetation and landform features into discrete units 
allows for ready digitization, easy integration into a geographic information systems (GIS) 
format, and production of spatial maps (Delong and Brusven 1991). The use ofGIS gives 
resource managers an invaluable tool to inventory riparian habitats, monitor change, and 
make watershed management decisions for the future. 
Incorporating photograph images into the GIS included multiple steps before a 
planimetrically correct map was produced. Transformation of an aerial photograph to 
IJ)PP form included: 
} . scanning and transferring the scanned image to the Erdas-Imagine program by 
importing a tagged image format file (TIFF) to an Erdas Imagine file format (IMG 
files), 
2. rectification/georeferencing with orthophotoquad sheets as base maps, and 
3. assembling multiple years of historic coverage into a comprehensive set of maps that 
show channel morphology and classified plant communities along the river corridor. 
Detailed description of these tasks follows. 
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A photograph was scanned using a flat surface scanner. In GIS, "scanning refers 
to the transfer of analog data, such as photographs, into a digital (raster) format" (Smith et 
al. 1994, p. 82). Depending on the scale of the photo, the number of dots per inch (dpi) 
was adjusted to produce a standard 2 m X 2 m pixel resolution . Scanning software 
produced a TIFF that was then imported directly into the Erdas-Imagine GIS. The image 
was now a raster data type that could be used within the Erdas Imagine software package. 
Rectification is the process of transforming the data from one grid system into 
another system using a polynomial transformation of the image surface. Georeferencing 
refers to the process of assigning map coordinates to image data (Smith et al. 1994). 
Scanned data were projected onto the desired plane, but were not referenced to the proper 
coordinate system. Orthophotoquads provide the Universal Transverse Mercator (UTM) 
as a coordinate grid system. One must pick accurate ground control points (GCP) for an 
accurate rectification. Selecting many GCPs that do not shift through time, i.e., road 
intersections, bridges, prominent boulders, etc., was critical. The more dispersed the 
GCPs, the more reliable the rectification. Rectification of photos is most accurate when 
points are located across a low elevation range. Therefore, GCPs were picked within the 
valley bottom, and points located along mountain slopes were avoided. 
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It is essential to recognize that the mapping process involves several key steps that 
may introduce errors in the map analyses. Aerial photographs with scales of 1 :20,000 and 
1 :40,000 were rectified with a root mean square (RMS) error no greater than 1 m. With a 
2 m X 2 m pixel resolution on all images, this RMS error indicates no single pixel was 
more than 2 m from its true ground location. Consistent interpretation and delineation of 
map unit boundaries was achieved by only using one operator. It is not possible to 
quantify the measurement error associated with a mapping unit boundary diverging from 
the actual land cover boundary on a historic aerial photograph. However, when using the 
digitizer to draw boundaries around mapping units directly on scanned images on the 
computer screen, I am confident that the digitized boundary did not diverge from the 
actual boundary by more than 2 pixels. To improve the degree of accuracy of measured 
units, total area (ha) of mapping units was rounded to the nearest hundredth of a hectare , 
or 100 m2 • 
Interpretation and delineation of map unit boundaries relied on a combination of 
techniques. Manual photo-interpretation in stereo pair was a useful way to distinguish 
fluvial landform features , estimate their relative elevation, and delineate channel and 
vegetation classes. In September 1994, I scanned and plotted images of each stream 
segment. The purpose of these plots was to improve my skills at matching image data 
with actual field data. Characteristics most useful to delineate vegetation classes were 
tone, texture, pattern, and color of different vegetation types (Snook et al. 1987). Field 
verification of signatures on the images involved mapping plant community boundaries 
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along the river corridor with the most recent (1988) photo imagery. Table 2 presents land 
cover categories used in this work. 
The land cover categories were used for both the computer-assisted interpretation 
and the manual photo interpretation of images. Computer-assisted mapping included 
supervised training (Smith et al. 1994). Although the supervised classification scheme in 
Erdas provided a cursory land cover classification of valley bottom features , the 
coarseness and variability in brightness and contrast within and between individual photo 
images were substantial. Therefore , a supervised classification scheme was not pursued in 
this study because spectral and radiometric variability of the remotely sensed data 
precluded a consistent classification throughout the study area. At specific field sites 
where vegetation and cross-section survey data was complete , delineation of the channel 
and vegetation types relied on traditional , manual aerial photo interpretation in stereopair. 
A digitizing tablet was used to delineate and draw polygons around mapping unit 
boundaries directly on computer scanned images. 
Quantitative measurements of mapping units were expressed in terms of area (ha) 
occupied by each land cover type. Areal measurements were easily computed once 
images were incorporated into the GIS. The total area of mapping units was calculated to 
compare historic change of vegetation and stream geomorphic features through space and 
time. 
Vegetation and Channel Mapping 
Spatial and temporal changes in stream-channel width, length and sinuosity, and 
areal extent of riparian vegetation were compiled from several data sources, including 
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aerial photos, topographic maps, and cross-section profiles. Distribution and areal extent 
of riparian vegetation and channel morphology along eight stream segments of Lake 
Creek, Lake Fork, Clear Creek, and Cottonwood Creek were mapped at a scale of 
1 :8000. The maps were prepared from a set of 1988 colored infrared photographs and a 
series of 1939 and 1956-57 black-and-white aerial photographs. Aerial photo flights from 
various government projects provided partial historic coverage of riverine systems in the 
basin. Table 3 lists dates and coverage of photographs obtained for the study. The 1988 
infrared aerial photographs provided total coverage of the drainage network. Otherwise, 
only partial coverage of the drainages existed for all other dates listed. 
Definition of Measurements 
A schematic diagram of individual mapping units and how these mapping units 
were combined into three mapping categories appears in Figure 5. These units are defined 
as follows: 
1. Total unvegetated channel area (BF) is equal to the sum of gravel bar area and 
water/channel area, 
2. Total riparian vegetation area is equal to the sum of riparian forest, riparian shrub, and 
riparian meadow mapping units, and 
3. Total percent of gravel bar area is equal to gravel bar area divided by unvegetated 
channel area (BF) x 100. 
Average channel width was measured as total channel area divided by total channel 
length. Channel pattern was analyzed by calculating sinuosity, the ratio of channel length 
to down valley distance. Measurements of channel length and down valley distance were 
Table 3. Historic aerial photograph 
coverage: Upper Arkansas River basin, 
Colorado 
Stud~ Site Date (month-~earl 
Lake Fork September 1956 
(site 19) August 1988 
Lake Creek October 1939 
(site 15) October 1956 
August 1988 
Lake Creek October 1939 
(site 14) October 1956 
August 1988 
Lake Creek October 1939 
(site 16) October 1957 
August 1988 
Clear Creek September 1956 
(site 10) August 1988 
Clear Creek September 1939 
(site 8) September 1956 
August 1988 
Cottonwood Creek September 1956 
(site 4) August 1988 
Cottonwood Creek September 1957 
(site 3! Au~st 1988 
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RFt ~ 
RSHB 
GB+ CH= Total Unvegetated Channel Area (BF) 
RF+ RSHB + RSHB = Total Riparian Vegetation Area 
(GB+ BF) x 100 = Total Percent Gravel Bar Area 
Legend 
RF= Riparian Forest 
RSHB = Riparian Shrub 
GB = Gravel Bar 
CH= Channel 
Figure 5. Schematic diagram of individual mapping units : total unvegetated channel area 
(BF) , total riparian vegetation area, and total percent gravel bar area . 
~ 
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obtained from map coverages at a scale of 1 :8000. Table 4 lists average channel width 
and sinuosity measured at each field site through time. 
Beaver Colonies 
It is evident that beaver (Castor canadensis) are a major biologic agent that 
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control and maintain the distribution of riparian vegetation in subalpine and montane 
drainage systems in the Rocky Mountains. To examine the influence of flow augmentation 
on abundance and distribution of beaver, the number of beaver colonies on the mainstem 
of Lake Creek , Clear Creek and Cottonwood Creek were counted on the 1988 color 
infrared photographs. Total number of beaver ponds or dams were counted and their 
location, on the active channeL floodplain or elevated terrace was determined . Beaver 
ponds often are complex, interconnected hydrologic networks , and it is inherently difficult 
to determine whether or not a particular pond is active or abandoned using an aerial 
photograph census. Instead of counting individual dams or ponds , I counted beaver 
colonies. I defined a beaver colony as a single unit; any beaver structures within 0.5 km 
distance were counted as the same colony. Although there was no way to differentiate 
between active and remnant beaver dams, this method should accurately represent the 
relative abundance of beaver occupying each drainage system. 
Table 4. Historic channel adjustment: Upper Arkansas River basin, Colorado 
Average Channel % channel 
Width (m) width change Sinuosity 
Flow (channel area/ from last ( channel length/ 
Study Site Regime Date channel lens_!h) maeeed date valley length) 
Lake Fork augmented 1956 7.2 2.0 
(site 19) 1988 9.4 +23 1.6 
Lake Creek augmented 1939 7.0 1.3 
(site 15) 1956 9.4 +25 1.2 
1988 12.0 +22 I. I 
Lake Creek augmented 1939 8.6 1.4 
(site 14) 1956 9.0 +4 1.2 
1988 12.0 +25 1.2 
Lake Creek natural 1939 8.6 1.7 
(site 16) 1957 6.5 -32 1.6 
1988 8.6 +24 1.6 
Clear Creek natural 1956 6.6 1.6 
(site 10) 1988 6.8 +4 1.6 
Clear Creek natural 1939 9.7 1.2 
(site 8) 1956 9.0 - 7 1.2 
1988 9.5 +5 1.2 
Cottonwood Creek natural 1956 7.9 1.3 
(site 4) 1988 6.7 -18 1.3 
Cottonwood Creek natural 1956 5.5 I.I 
(site 3) 1988 5.5 0 I.I 
~ 
w 
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RESULTS 
Results of my research are presented in three sections. First, I will describe the 
similarities and differences in the basic hydrology of both natural and augmented tributary 
basins of the Arkansas River. Hydrologic descriptions will focus on comparisons of 
annual hydrographs , flow duration curves , and flood frequency analyses of annual peak 
discharges. In the second section, I will attempt to describe similarities and differences in 
the geomorphic character of the eight field sites. Field measurements of stream channel 
and floodplain morphology , character of substrate on exposed gravel bars, and estimated 
channel hydraulics at approximate bankfull conditions will be compared between 
nonaugmented and augmented field sites. In the third section, I will document historic 
change of channel morphology and distribution of riparian plant communities through a 
series of maps compiled from historic aerial photographs . Here , changes in the areal 
extent of the active channel, exposed gravel bars, and plant communities are quantified 
and compared over time at augmented and nonaugmented field sites. 
Hydrology 
Several graphs are used here to characterize and quantify the flow regime and 
basin hydrology of augmented and nonaugmented drainages. Typical annual hydrographs 
of Lake Creek, Clear Creek, Cottonwood Creek, Lake Fork , and Halfinoon Creek appear 
in Figure 6. In 1983, the peak annual unit flow was 0.28 m3sec-1km-2 on Lake Creek, 0.07 
m3sec-1km-2 on Clear Creek, and 0.07 m3sec-1km-2 on Cottonwood Creek . Flow 
augmentation on Lake Creek contributed to a maximum daily unit discharge 
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Figure 6. Annual hydrographs for selected gaging stations in the Upper Arkansas River 
basin for 1957 and 1983 comparing augmented and nonaugrnented streams. A. 1957 
water year B. 1983 water year. 
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that is four times greater than peak flows on Clear Creek and Cottonwood Creek. In 
1957, the peak annual flow on Lake Fork and Halfmoon Creek, drainages with nearly 
identical contributing basin areas, was 0.29 m3sec·1km·2 and 0.18 m3sec·1km·2, 
respectively. Again, augmented flows released from Sugarloaf Dam to Lake Fork 
dramatically increased the magnitude of peak flows on this drainage . 
46 
Direct observations of daily flow releases from the transbasin tunnel on Lake 
Creek indicate that the magnitude, timing , and duration of releases are sporadic. For 
example , on 22 June 1995 discharge from the tunnel was approximately 28 m3sec·1• On 
the following day, no water was released from the tunnel. Flow augmentation has 
substantially changed the streamflow regime in the study area. Flow duration curves for 
the five tributaries of the Arkansas River are illustrated in Figure 7. On Lake Creek and 
Lake Fork , two augmented streams, a unit flow of 0 .05 m3sec· 1km·2 is equalled or 
exceeded 20% of the approximate time , or 75 days out of the year . On Cottonwood 
Creek and Clear Creek , two nonaugmented streams, the same unit flow is equalled or 
exceeded 5% of the approximate time, or 18 days out of the year. The estimated unit flow 
for a duration of7 days (2% time equalled or exceeded) is 0.17 m3sec·1km·2 and 
0.14 m3sec·1km·2 on Lake Creek and Lake Fork, respectively. The unit flow for the same 
duration (7 days) is 0.04 m3sec·1km·2 and 0.07 m3sec·1km·2 on Cottonwood Creek and 
Clear Creek, respectively. Thus, it is apparent that the magnitude and duration of high 
flows is far greater on augmented streams than nonaugmented streams. By contrast, low 
flows are not substantially different when comparing augmented and nonaugmented 
streams. As illustrated in Figure 7, a unit base flow of approximately 0.02 m3sec·1km·2 is 
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sustained for a duration of 110 days (30% time equalled or exceeded) for all streams. As 
such, flow augmentation affects the magnitude and duration of high flows, but has little 
effect on low flows on augmented streams in the Upper Arkansas River basin. 
Annual peak flow data for five gaging stations on tributaries of the Arkansas River 
are shown in Figure 8. Floods are much greater on augmented steams, and rare floods are 
proportionally greater on augmented streams than nonaugmented streams. Data from 
U.S.G.S. gaging stations show that the 10% exceedence flood (10-year RI) is 
0.28 m3sec-1km·2 for Lake Creek, an augmented stream, but a IO-year RI is 0.07 and 
0.13 m3sec-1km·2 for Cottonwood Creek and Clear Creek, respectively (Figure 9). Log-
Pearson Type III curves were fit to the data from each stream, a distribution that has been 
widely adopted as the standard method for flood frequency analysis (Viessman et al. 
1977). 
The estimated 10-year flood as a function of contributing drainage basin area A 
(km2) at 11 gaging stations throughout the Upper Arkansas River basin appears in Figure 
10. For field sites, contributing drainage area at each site was estimated using digital 
elevation models, and the IO-year flood event was estimated from flood frequency curves 
(Figure 7). Drainage area and the 10-year flood discharge (Q 10) at each gaging station 
were plotted, and the following empirical relationship was derived: 
Q10 = 0.44A"72 
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to estimate Q10 at each field site (R2 = 0.97). On Lake Creek, the maximum discharge 
(28 m3sec-1) from the Twin Lakes Tunnel was added to the estimated Q 10 at augmented 
field sites 14 and 15. Having no way to estimate the volume of water that represents 
augmented flows on Lake Fork, I assumed Qio on Halftnoon Creek and Lake Fork should 
be approximately equal if augmented flows did not occur on Lake Fork. Therefore, the 
difference between Q10 at Lake Fork and Halftnoon Creek gaging stations (8 m3sec-1) was 
added to the estimated Qio at the augmented field site 19 on Lake Fork. The estimated 
10-year flood event for each field site is listed in Table 5. It is evident that flow 
augmentation from transbasin diversions dramatically increases the magnitude of high 
flows at the three augmented field sites. 
Morphology of Present Channels and 
Floodplains 
A compilation of representative cross sections at four field sites is shown in Figure 
11 and 12. These cross sections characterize floodplain and channel morphology of 
nonaugmented and augmented field sites in both constrained and unconstrained segments 
of the drainages. The cross section at Clear Creek (site 10), a nonaugmented/ 
unconstrained site, is characterized by a deep channel with a well-developed thalwag 
(Figure 1 lA). The active floodplain extends approximately 70 m across the valley bottom 
and is vegetated by dense, Salix spp. Slight topographic irregularities and depressions in 
the floodplain surface depict remnant channels and beaver ponds. Riparian vegetation 
extends to the edge of the active channel and seems to provide bank stability and strength. 
The cross section at Lake Creek (site 15), an augmented site, 
Table 5. Dependent channel features and flow geometry: Upper Arkansas River basin, Colorado 
Average Average 
Average Bankfull Bankfull 1988 Channel Estimated 
Bed Width-Depth Channel Channel Area Pattern Q10 
Stud~ Site Toeosraeh~ Ratio Width ~ml ~m2l ~Sinuositl'.l ~m3sec·'l 
Lake Fork pool-riffle 45.6 27.2 16.6 meandering 19.0 
(site 19) (1.6) 
Lake Creek riffle 134.3 49.3 18.7 braided 35.6 
(site 15) (I. I) 
Lake Creek pool-riffle-run 54.6 50.2 48.0 straight 46.7 
(site 14) (1.2) 
Lake Creek pool-riffle 21.6 13.3 8.5 meandering 5.6 
(site 16) (1.6) 
Clear Creek pool-riffle 28.9 19.6 13.6 meandering 5.4 
(site 10) (1.6) 
Clear Creek pool-riffle-run NA NA NA straight 16.7 
(site 8) (1.2) 
Cottonwood Creek pool-riffle 39.4 25.8 17.1 meandering 7.4 
(site 4) (l.3) 
Cottonwood Creek boulder pool- 13.6 9.8 7.4 straight 12.3 
(site 3) riffle (1. 1) 
Water 
Surface 
Slope at 
Bankfull 
0.010 
0.010 
0.007 
0.003 
0.005 
NA 
0.008 
0.027 
Bed Material 
~Dsol mm 
gravels and cobbles 
(38) 
large cobbles 
(54) 
large cobbles and 
boulders 
(56) 
sands and gravels 
(15) 
sands and gravels 
(18) 
gravels and cobbles 
(21) 
sands and gravels 
(16) 
gravels and cobbles 
(26) 
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Figure 11. Representative cross sections from two unconstrained field sites. Dashed lines 
represent measured water surface elevation at base flow, and observed water surface 
elevation for the IO-year flood stage. Abbreviations for landforms and their associated 
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is located in an unconstrained stream section (Figure 11B). Channel cross sections at this 
site are characterized by a wide, shallow active channel with numerous large mid-channel 
bar deposits that divide channel flow and cause braiding at low flow. It appears that the 
channel at site 15 experienced approximately 1 m of incision; 1 m vertical channel banks 
are unvegetated and highly erodible. Mass wasting and bank failure seems to be common; 
large woody debris and chunks of bank material are found on mid-channel bars at base 
flow throughout the site. The terrace on the left bank appears recently abandoned , 
meaning this surface was probably the active floodplain before incision. The cross section 
at Clear Creek (site 8) is constrained by steep valley walls that limit channel migration 
(Figure 12A). A greater proportion of the active floodplain is unvegetated and consists of 
exposed gravels and cobbles. The cross section at site 14, a constrained reach of Lake 
Creek, is characterized by a deep active channel next to the left bank (Figure 12B). 
During base flow, water is confined to the main channel. The addition of augmented flows 
during spring runoff probably causes scour in the main channel and inundation of the 
historic active floodplain, an unvegetated cobble and gravel bar that extends 
approximately 50 m towards the valley wall. 
Particle Size Analysis 
Median particle size (Dso) for each site is listed in Table 5. These data describe the 
character of alluvial material on active depositional bars at each field site. Values for Dso 
were estimated from Figure 13, a distribution of bed material size at each field site. In 
general, the three augmented sites are characterized by much larger bed material than that 
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at the five nonaugmented sites. Median particle size for the three sites along augmented 
reaches range from 38 mm to 56 mm. By contrast , sites where natural flows occur have 
median particle sizes between 15 mm and 26 mm. 
Hydraulic Geometry 
Floodplain and channel cross sections were used to calculate several stream 
parameters, including: 
1. bankfull channel width, 
2. bankfu.11 channel area, 
3. width-depth ratio , 
4. specific stream power, and 
5. average boundary and critical shear stress. 
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Raw data for hydraulic geometry are listed in Appendix A. Stream parameters are 
summarized in Table 5 as dependent channel features and flow geometry at each field site. 
Differences in the character of natural and augmented stream sites based upon data from 
hydraulic geometry of the particular site appear in Figures 14-17. Solid symbols represent 
augmented field sites and open symbols represent nonaugmented field sites. Data points 
with identical discharge or drainage area values represent measurements from unique cross 
sections at the same field site. Data include sites from constrained and unconstrained 
stream segments at both high and low elevations across the watershed. Replication of 
field sites with identical physical characteristics was low, and data points for hydraulic 
geometry do not yield statistically conclusive results. However, some notable trends and 
differences are present in the data set. 
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Bankfull channel width is greater on augmented streams than natural streams . 
Typical widening of a stream channel as drainage basin area and discharge increase in the 
Upper Arkansas River basin is apparent , but high natural variability exists as illustrated by 
scatter in the data (Figure 14). The average bankfull channel width at augmented field 
sites ranges from 27.2 m to 50.2 m. By contrast, nonaugmented sites have an average 
bankfull channel width between 9.8 m and 25.8 m (see Table 5 for specific values at each 
site). 
Flow-augmented stream channels are most often characterized by greater width-
depth ratios (W/D) compared to nonaugmented sites (Figure 15). Average W/D for the 
three sites along augmented reaches range from 45.6 to 134. 3. At the five nonaugmented 
sites , average W/D range from 13.6 to 39.4 . 
The relationship between specific stream power and drainage basin area is plotted 
on Figure 16. In general, specific stream power is greater at augmented field sites than 
nonaugmented sites. On augmented streams , specific stream power remains relatively 
constant in the downstream direction; the effectiveness of augmented flows decreases 
downstream. In general, the percent-volume of water represented by augmented flow 
decreases downstream as discharge increases downstream through an increase in 
contributing drainage basin area. Channel response to an increase in specific stream 
power is demonstrated by change in channel form and volume of transported bed 
material. In this study, specific stream power was highest on lower Cottonwood Creek , a 
nonaugmented stream. High specific power at this site may be attributed to a deeply 
confined valley bottom, steep gradient, and narrow channel width. 
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Average boundary shear stress was calculated from each channel cross section at 
nonaugmented and augmented field sites (Figure 1 7). In general, as drainage basin area 
increases , shear stress increases. Typically, average boundary shear stress was greater on 
augmented streams than nonaugmented streams . The one exception to this trend was 
lower Cottonwood Creek, a nonaugmented site. Again, local parameters that include a 
confined reach, narrow channel width, and a steep gradient help explain why lower 
Cottonwood Creek had the highest shear stress values recorded in this study. The 
difference in bed-material size distribution is one indicator of how a channel responds to 
changes in shear stress on augmented and nonaugmented sites (Figure 13). Critical shear 
stress at each site was generally lower than average boundary shear stress . According to 
these results , much of the channel bed is mobile during floods that equal or exceed the 10-
year flood event . 
Vegetation and Channel Mapping 
Planform maps compiled from the most recent (1988) historic aerial photographs 
at four field sites are shown in Plate 1, and represent the present condition of augmented 
and nonaugmented sites along constrained and unconstrained stream sections of Lake 
Creek and Clear Creek. These maps help illustrate how the present characteristics of 
augmented and nonaugmented streams differ in similar geomorphic environments. The 
present condition of augmented stream reaches (sites 14 and 15) along Lake Creek is 
characterized by relatively wide and straight or braided channels with adjacent floodplain 
surfaces composed of unvegetated, coarse gravel and cobble bars . By contrast, Clear 
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Creek (sites 8 and 10) represents natural stream reaches with meandering channel sections 
and well-vegetated floodplains immediately adjacent to the active channel. 
Land cover classification maps prepared from historic aerial photographs at eight 
field sites showed substantial differences in the character of natural and augmented stream 
systems. Raw data of individual mapping units used to derive historic maps (Plates 2-5) 
and bar graphs (Figure 18 and 19) are listed in Appendix B. These historic maps show 
changes in the spatial distribution of vegetation and channel form on nonaugmented and 
augmented sites along unconstrained and constrained reaches of the watershed. Although 
the maps only provide data for an instant in time, it is evident that the morphology of 
augmented stream channels and the spatial distribution of riparian vegetation have been 
substantially altered by flow augmentation practices in the Upper Arkansas River basin. 
Figures 18 and 19 quantify spatial and temporal change in percent area for the three 
mapping categories: 
1. total riparian vegetation, 
2. total unvegetated channel area (BF), and 
3. total percent area exposed bars. 
The three field sites where flow augmentation occurs all showed a substantial decrease in 
total percent area of riparian vegetation cover and an increase in the total percent area of 
exposed gravel bars and bankfull channel area. In 1939, total riparian vegetation cover, 
gravel bar area, and bankfull channel area at upper Lake Creek (site 15) were 75%, 6%, 
and 10%, respectively. By 1988, total riparian vegetation cover had decreased to 65%, 
and gravel bar and bankfull channel area had increased to 14 and 21 %, respectively. 
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Similar patterns of change exist for the two other augmented field sites: a loss of riparian 
vegetation and a subsequent gain of exposed bar surfaces in proximity to the active 
channel. 
Loss of riparian vegetation cover on floodplains of augmented streams occurred 
along surfaces immediately adjacent to the active stream channel. These surfaces were 
colonized by riparian vegetation in the past , but have been replaced by unvegetated gravel 
or cobble bar surfaces. Historic maps indicate that the distal sides of floodplains on 
augmented stream reaches are not adding riparian vegetation in response to losses 
adjacent to the channel. Thus , avulsive channel straightening and the physical removal of 
vegetation from near-stream recruitment sites during high flood flows has caused a net 
loss of riparian vegetation cover and a net gain of exposed bars . By contrast , the five 
nonaugmented field sites exhibited slight to moderate change in the areal extent of riparian 
vegetation and channel features (Figure 18). 
Historic channel adjustment for the eight sites in the Upper Arkansas River basin 
appears in Table 4. Stream channels at augmented sites experienced a substantial increase 
in average channel width . Channel width increased by 22 to 25% at the three augmented 
field sites. Nonaugmented sites experienced moderate change in average channel width 
within the last 50 years. Channel adjustment through time was also measured by 
evaluating changes in sinuosity. Sinuosity decreased at all augmented sites, but remained 
relatively constant at nonaugmented stream sites (see Table 4). 
Abundance and Distribution of Beaver 
( Castor canadensis) 
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The total number of beaver colonies on Cottonwood Creek and Clear Creek, 
nonaugmented streams, was substantially greater than the number of beaver colonies on 
Lake Creek, an augmented stream. Furthermore, nearly half of the beaver colonies 
counted on Lake Creek were found above the diversion tunnel, a section of stream that 
represents only 22% of the entire drainage basin area. With the exception of one colony, 
all beaver structures below the diversion tunnel were located on upper floodplain or 
terrace surfaces independent of active channel hydrology (Table 6). 
Table 6. Abundance and distribution of beaver colonies observed from 
1988 aerial photographs 
Total% 
Basin Area Location of beaver colony onFP 
Drainage network (km2) FPorT Active Channel Total orT 
Lake Creek above tunnel 42 9 3 12 75 
Lake Creek below tunnel 152 12 I 13 92 
Clear Creek 174 21 16 37 57 
Cottonwood Creek 168 26 17 43 60 
* FP == active floodplain; T == terrace 
Total% 
on 
Channel 
25 
8 
43 
40 
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DISCUSSION 
This particular study is unique because no other research has focused on the 
geomorphic processes that affect vegetation and channel adjustment in the Upper 
Arkansas River basin, a watershed impacted by flow augmentation . Many studies 
describe effects of water diversions on riparian vegetation and geomorphic features in de-
watered systems (Williams and Wohnan 1984, Harris et al. 1987, Stromberg and Patten 
1990, Johnson 1994), but few geomorphologists have examined the response of high 
mountain streams to flow augmentation. The present investigation has identified several 
key changes in channel morphology and distribution of riparian vegetation that result from 
flow augmentation. These changes include: an increase in width-depth ratios of the active 
stream channel , an increase in the median particle size of alluvial material on exposed mid-
channel and lateral point bars , an increase in total percent area of exposed bars , and a 
decrease in total riparian vegetation cover. 
Stromberg and Patten (1992) found that diverted water from the Mono Basin 
through the Mono Tunnel tripled the flow volume in the augmented-flow reach along the 
upper Owens River. Between 1949 and 1989, natural flows in the Upper Owens River 
averaged 5.2 X 107 m3/yr. During this period , an average of9 .8 X 107 m3/yr were 
diverted, increasing the annual average flow to 1.5 X 108 m3/yr in the augmented-flow 
reach. Bradley and Smith (1984) calculated pre- and post-diversion mean monthly flows 
on the Milk River and also found a threefold increase in flows due to the St. Mary River 
diversion. Prior to transbasin diversions , mean monthly flows for the period 1909-1917 
71 
averaged 6 m3sec-1 during June through August. After 1917, the St. Mary River diversion 
contributed a mean monthly flow of 18 m3sec-1 during June through August. Both 
Stromberg and Patten (1992), and Bradley and Smith (1984) found that transbasin 
diversion practices did not substantially change seasonal flow patterns. 
In the Upper Arkansas River basin, flow augmentation does not alter seasonal flow 
patterns, but dramatically increases the magnitude and frequency of disturbances caused 
by flood events. The most substantial changes in flow regime were found on Lake Creek. 
Peak annual flows are four times greater on Lake Creek than similar nonaugmented 
streams, Clear Creek and Cottonwood Creek. High flows most likely coincide with 
bankfull conditions, and are maintained for a much longer duration and occur with greater 
frequency on augmented stream reaches. The implications of these results are a change in 
channel dimensions and geomorphic characteristics of the affected stream reaches . 
Change in channel and floodplain morphology caused by an increase in discharge 
along augmented tributaries of the Upper Arkansas River appears to be controlled by local 
geologic and morphological parameters and distance downstream oftransbasin diversions. 
These results coincide with work done by Kellerhals et al. (1979) along several rivers 
affected by transbasin diversions in Canada. Using historic aerial photographs, Kellerhals 
et al. (1979) identified and documented pronounced morphological effects on 19 Canadian 
river diversion case histories. They found extensive bank erosion and slumping, increased 
sediment loads, braiding, and channel entrenchment occurring in moraine and other 
unconsolidated Pleistocene sediments. 
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Kellerhals et al. (1979) observed substantial channel widening and alteration of the 
floodplain on the Cheslatta River, British Columbia. Prior to construction oftransbasin 
diversions, the Cheslatta River was a meandering, small, single-threaded channel with a 
bankfull water surface width of 5 m, a continuous floodplain, no visible bars, and laterally 
stable. Post-diversion characteristics of the present system include: an entrenched and 
con.fined gravel-bed channel, a bank:full width of 75 to 150 m, and prominent diagonal bars 
that align closely to the course of the valley (Kellerhals et al. 1979). Bradley and Smith 
(1984) also examined the downstream effects on channel width caused by a diversion on 
two meandering reaches of the Milk River. They found average channel width increased 
by 5.5 m and the rate of meander migration increased by 0.85 m/yr. Along augmented 
tributaries of the Upper Arkansas River, average channel width increased as much as 42% 
between 1939 and 1988. 
In my study, the Lake Creek drainage basin showed the most dramatic effects of 
flow augmentation. Channel widening, entrenchment, and armoring of the bed is most 
prevalent immediately downstream from the diversion tunnel. The most pronounced 
morphological effect of augmented flows on Lake Creek and Lake Fork is substantial 
widening of the active stream channel. The average bank:full channel width ranged 
between 27.2 and 50.2 m on augmented stream sites. On nonaugmented field sites, the 
average bankfull channel width ranged between 9.8 and 25.8 m. A stream adjusts its 
channel dimensions in response to an increase in discharge. My research indicates that 
bankfull channel widths and W ID ratios are greater on augmented streams than 
nonaugmented streams. The average WID ratio ranged from 45.6 to 134.3 m on 
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augmented sites, and 13.6 to 39.4 m on nonaugmented sites. Differences in the bed 
material size distribution on tributaries of the Arkansas River also show the effects of flow 
augmentation. The median particles size (0 50) was substantially larger on augmented 
streams, and ranged from 38 to 56 mm . The Dso on nonaugmented streams ranged from 
15 to 26 mm. 
Tributaries of the Arkansas River flow through recently glaciated valleys formed 
less than two million years ago during the Pleistocene. Unconsolidated surface materials 
in augmented reaches of Lake Creek and Lake Fork are unable to withstand erosion 
associated with the diversion flows . During peak flows , bank material is eroded and 
transported as bed load in the channel. As peak flows recede, stream power decreases, the 
stream is no longer capable of carrying its load , and deposition occurs within the active 
channel. Deposition may also occur with a change in channel gradient. As the stream 
flows through a wide valley bottom and channel slope decreases , stream power also 
decreases and bed load aggrades (Hupp 1992). The formation of large mid-channel gravel 
and cobble bar deposits is common in unconstrained reaches of augmented streams. Mid-
channel bars alter stream pattern by dividing flow into multiple channels. Often, the 
development of a new bar may redirect flows and initiate erosion of unconsolidated 
terrace banks (Kellerhals et al. 1979), causing downstream deposition and braiding. 
Bradley and Smith (1984) determined that accelerated rates of sediment transport caused 
by flow diversions on the Milk River may be attributed to increased rates of erosion on 
meander bends. This process has led to increased rates of lateral channel migration. 
Winnowing of fine material by high magnitude flows leads to a coarsening of substrate on 
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exposed lateral and mid-channel bars along augmented stream reaches . Differences in the 
particle size distribution of nonaugmented and augmented streams is one indicator of how 
streams adjust to changes in flow regime in the Upper Arkansas River basin. 
Loss or mortality of riparian vegetation adjacent to the active channel is another 
common response to transbasin diversion practices. Stromberg and Patten (1992) 
compared the density, distribution, and radial growth rates of juvenile and mature willows 
(Salix lasiolepis) along a control reach and flow-augmented reach on the upper Owens 
River , California. Flow augmentation dramatically degraded riparian environments ; areal 
cover , density, and the ratio of live to dead willow trees were significantly lower in the 
augmented-flow reach than in the control reach (Stromberg and Patten 1992). Stromberg 
and Patten (1992) observed that willow trees on average occurred about 2 m farther from 
the streamedge within the augmented-flow reach than in the control reach on the upper 
Owens River. Densities of juvenile S. lasiolepis within streamside recruitment zones also 
were significantly lower in the augmented-flow reach than in the control reach . Likewise , 
the ratio of juvenile to mature individuals was threefold higher in the augmented-flow 
reach than in the control reach (Stromberg and Patten 1992). Established seedling habitat 
appears to be reduced (Everitt 1968) and an increase in seed mortality probably occurs 
due to extreme flow fluctuations and excessive water associated with transbasin diversions 
(Scott et al. 1993). Results ofmy study indicate that encroachment of the stream into the 
floodplain and the equivalent loss of streamside vegetation and subsequent gain of 
exposed bars has occurred along augmented flow reaches of Lake Creek and Lake Fork. 
The loss of recruitment areas for riparian vegetation has not been compensated by an 
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addition of riparian vegetation on the distal side of the floodplain. Historic maps of flow-
augmented reaches in the Upper Arkansas River basin show channel meanders have 
straightened or braided in response to the new flow regime . The erosion and mass 
wasting of banks physically remove gravel and sand from point bars along meandering 
channels, typical recruitment sites for riparian vegetation adjacent to the active channel. 
In wide valley bottoms where the channel is unconstrained, loss of riparian 
vegetation to bank erosion and a shift in channel pattern probably began shortly after the 
construction and operation of the Twin Lakes diversion tunnel. Unfortunately, no aerial 
photographs were available prior to the implementation of augmented flows on Lake 
Creek in 1935. However, it appears from the 1939 maps of the river corridor that an 
increase in exposed bars and an apparent shift from a single-threaded, meandering channel 
to a more straight or braided system began to develop within 4 years of operating the 
Twin Lakes tunnel diversion. Kellerhals et al. ( 1979) also found similar rates of change in 
several rivers in Canada. On the Little Jack River, Ontario, the Ogoki diversion 
contributed to net erosion rates on the order of 4 x 106 m3 a-1 in the early years of diversion 
(1944-194 7), but had declined to values of 0.3 x 106 m3 a-1 in 1972. On the Lower 
Kemano River, British Columbia, Kellerhals et al. (1979) showed that between 1954 and 
1975 (22 years after diversion), the width of the channel zone increased significantly 
downstream from the powerhouse outfall, but no significant change occurred upstream. 
The channel also became less sinuous downstream from the powerhouse; channel length 
decreased by 0.6 km in 16 km. 
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No research in the past has examined the distribution and abundance of beaver on 
augmented streams. It is assumed that the location of beaver activity is limited to habitats 
directly linked to the hydrology of the active stream channel and floodplain . The role of 
beaver as a natural buffer against flow augmentation in a high alpine environment is not 
documented, and deserves further attention. In many tributaries of the Arkansas River, 
beaver often build dams on high terraces where they are able to exploit water from side 
slope ephemeral drainage systems. In these steep glacial valleys , avalanche chutes and 
precipitous gullies probably contribute most of the water to beaver structures located 
above the main stream channel. An examination of beaver colonies measured on the 1988 
aerial photographs revealed that flow augmentation has had an adverse effect on the 
abundance and distribution of beaver ponds on the active channel (Table 6) . Annual flow 
augmentation inhibits the construction of beaver dams because the structures cannot 
withstand the additional stream power associated with transbasin diversions. However , in 
augmented stream reaches where the present channel is entrenched below the former 
floodplain, beaver continue to colonize upper floodplain or terrace surfaces . Beaver 
structures maintain moist soil conditions that may support riparian plant communities 
above the active channel. Without beaver , the water table would probably drop below 
these upper terrace surfaces and riparian vegetation would most likely be replaced by 
more xeric plant communities. 
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CONCLUSION 
This research focused primarily on hydrologic and geomorphic processes, and the 
effects of flow augmentation on channel form and the distribution of riparian vegetation. 
However , many other causal factors such as climate, livestock grazing, historic mining , 
unnatural barriers (highway/railroad tracks) that restrict channel migration, and natural 
geomorphic disturbances are all probable mechanisms of spatial and temporal change in 
stream systems . 
Analyses ofhydrologic data, geomorphic characteristics , and historic aerial 
photographs suggest that flow augmentation in the Lake Creek and Lake Fork drainages 
has resulted in the following conditions below the transbasin diversions : 
1. an increase in width-depth ratios of the channel, 
2. an increase in median particle size of bed material , 
3. an increase in total percent area of exposed bars, 
4. a decrease in total riparian vegetation cover, and 
5. a decrease in the abundance and distribution of beaver colonies on the active channel. 
The preceding conditions may be attributed to a dramatic increase in stream energy 
associated with flow augmentation. Replication of floodplain and channel cross sections, 
long-term monitoring, and continued mapping of vegetation communities would help 
identify and predict causal mechanisms and rates of change along these stream systems. 
The effects of changes in stream flow regimes, channel morphology, and riparian 
ecosystems on existing or proposed water transfer projects should be studied more 
closely. Research that focuses on linkages between geomorphic processes and riparian 
ecosystems is necessary to facilitate better management of our natural resources for the 
future. 
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APPENDICES 
Field Site Cross-section W/O MeanW/D Area 
Lake Creek 16 5 24.15 11.33 
4 29.12 8.80 
3 16.09 9.09 
2 25.55 5.62 
1 12.90 21.56 7.87 
Clear Creek 1 0 4 33.41 11.68 
3 25.41 11.10 
2 27.79 28.87 17.97 
Cottonwood Creek 4 2 40 .36 20.52 
1 38.39 39.38 13.58 
Cottonwood Creek 3 5 12.25 5.68 
4 16.15 6.92 
3 10.12 9.91 
2 14.88 6.46 
1 14.73 13.63 7.84 
Lake Fork 19 4 44.71 19.37 
3 55.16 17.93 
•-• 
2 31.13 17.16 
1 51.33 45.58 12.02 
Lake Creek 15 5 83.15 20.51 
4 133.72 15.12 
3 143.45 14.14 
2 136.80 26.80 
1 174.58 134.34 17.14 
Lake Creek 14 4 97.21 50.50 
3 43.30 50.90 
2 34.93 45.11 
1 42.93 54.59 45.42 
Mean A P (m) R(m) 
17.49 0.65 
16.54 0.53 
13.07 0.70 
12.49 0.45 
8.54 10.94 0.72 
20.16 0.58 
17.09 0.65 
13.58 22.70 0.79 
29.69 0.69 
17.05 24.43 0.56 
8.91 0.64 
11.25 0.61 
10.77 0.92 
10.68 0.61 
7.36 11.40 0.69 
30.37 0.64 
31.94 0.56 
23.64 0.73 
16.62 25.14 0.48 
41.88 0.49 
45.22 0.33 
45.43 0.31 
61.50 0.44 
18.74 55.47 0.31 
71.75 0.70 
47.87 1.06 
40.64 1.11 
47.98 44.71 1.02 
Width (m) 
16.54 
16.00 
12.10 
11.98 
10.07 
19.76 
16.79 
22.35 
28.78 
22.83 
8.34 
10.57 
10.01 
9.80 
10.75 
29.43 
31.45 
23.11 
24.84 
41 .30 
44.97 
45.04 
60.55 
54.70 
70.07 
46.96 
39.70 
44.16 
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Field Site Cross-section Mean D maxD 
Lake Creek 16 5 0.69 1.30 
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3 0.75 1.17 
---· ···-- ---- -
. -
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- ·--
1 0.78 0.98 
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---- -·-------- -
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Lake Creek 15 5 0.50 1.11 
- -
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- --·· ·-- -
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>---···---------
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------- ----- · 
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Field Site Cross-section Dso Da4 Avg. B. Shear 
Lake Creek 16 5 15.00 33.00 19.11 
4 15.00 33.00 15.58 
3 15.00 33.00 20.58 
2 15.00 33.00 13.23 
1 15.00 33.00 21.17 
Clear Creek 1 o 4 18.00 60.00 28.42 
3 18.00 60.00 31.85 
2 18.00 60.00 38.71 
Cottonwood Creek 4 2 16.00 35.00 54.10 
1 16.00 35.00 43.90 
Cottonwood Creek 3 5 26.00 64.00 169.34 
4 26.00 64.00 161.41 
3 26.00 64.00 243.43 
2 26 .00 64.00 161.41 
1 26 .00 64.00 182.57 
Lake Fork 19 4 38.00 84.00 62 .72 
3 38.00 84.00 54.88 
2 38.00 84.00 71.54 
1 38.00 84.00 47.04 
Lake Creek 15 5 54.00 104.00 48.02 
4 54.00 104.00 32.34 
3 54.00 104.00 30.38 
2 54.00 104.00 43.12 
1 54.00 104.00 30.38 
Lake Creek 14 4 56.00 111.00 48.02 
3 56.00 111.00 72.72 
2 56.00 111.00 76.15 
1 56.00 111.00 69.97 
Critical Shear Sp. Stream Power 
5.87 
6.06 
8.02 
8.10 
17.61 9.63 
7.86 
9.25 
9.60 6.95 
12.01 
8.54 15.14 
235 .41 
185.75 
196.14 
200.34 
13.87 182.64 
33.30 
31.16 
42.41 
20.28 39.45 
45.56 
41.84 
41.78 
31.08 
28.81 34.40 
25.48 
38.03 
44.98 
29.88 40.44 
sinuosity 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.3 
1.3 
1.1 
1.1 
1.1 
1.1 
1.1 
1.6 
1.6 
1.6 
1.6 
1.1 
1.1 
1.1 
1.1 
1.1 
1.2 
1.2 
1.2 
1.2 
DA (km) 
34 
34 
34 
34 
34 
32 
32 
32 
50 
50 
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101 
101 
101 
101 
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87 
87 
87 
52 
52 
52 
52 
52 
180 
180 
180 
180 
00 
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AppendixB 
Mapping Unit Data 
1956 Lake Fork (Site 19) 
map unit # polygons area (ha) %area 
agmdw 4 18.83 46.57 
ripshrub 11 18.32 45.31 
gbar 24 0.37 0.91 
channel 2 1.63 4.03 
Iripshrb 6 0.35 0.87 
Igbar 4 0.01 0.02 
road 1 0.68 1.68 
mstmdw 3 0.24 0.60 
total 40.43 100.00 
riparian vegetation 18.91 46.78 
gravel bars 0.38 0.94 
bankfull channel 2.01 4.97 
%gbar 18.82 
1988 Lake Fork (Site 19) 
agmdw 4 20.16 49.82 
ripshrub 17 13.60 33.61 
channel 2 2.54 6.27 
gbar 29 1.10 2.73 
Iripshrb 1 0.02 0.06 
water 3 0.04 0.09 
Igbar 4 0.02 0.06 
road 1 0.52 1.28 
lvegmdw 13 2.46 6.08 
total 40.47 100.00 
riparian vegetation 16.08 39.74 
gravel bars 1.13 2.79 
bankfull channel 3.67 9.06 
%gbar 30.80 
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1939 Lake Creek (Site 15) 
map unit # polygons area (ha) % area 
upmdw 4 2.10 8.94 
up:frst 1 0.50 2.14 
conifer 15 1.48 6.31 
ripshrub 22 12.75 54.24 
channel 2 1.05 4.47 
gbar 20 1.31 5.59 
ripmdw 8 3.52 14.95 
bvpond 3 0.75 3.17 
Igbar 2 0.05 0.19 
total 23.51 100.00 
riparian vegetation 17.75 75.50 
gravel bars 1.36 5.78 
bankfull channel 2.41 10.25 
% gbars 56.41 
1956 Lake Creek (Site 15) 
upmdw 3 1.82 7.41 
conifer 14 1.89 7.71 
ripshrub 13 12.09 49.25 
bvpond 7 0.66 2.68 
channel 1 1.37 5.58 
gbar 12 3.01 12.25 
ripmdw 4 3.11 12.66 
Igbar 1 0.01 0.04 
upfrst 1 0.59 2.42 
total 24.56 100.00 
total riparian 17.10 69.62 
gbars 3.02 12.29 
BF channel area 4.39 17.87 
% gbars 68.77 
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1988 Lake Creek (Site 15) 
map unit # polygons area (ha) % area 
upfrst 1 0.79 3.15 
upmdw 2 1.51 5.98 
conifer 11 1.75 6.93 
bvpond 7 1.04 4.12 
ripshrub 15 11.95 47.36 
gbar 15 3.28 13.00 
Igbar 4 0.35 1.40 
ripmdw 4 2.75 10.90 
Iripshrb 2 0.06 0.25 
channel 1 1.75 6.92 
total 25.24 100.00 
riparian vegetation 16.51 65.43 
gravel bars 3.64 14.40 
bankfi.tll channel 5.38 21.33 
% gbars 67.53 
1939 Lake Creek (Site 14) 
map unit # polygons area (ha) % area 
area %area 
ripfrst 6 2.19 10.04 
gbar 16 0.94 4.33 
ripshrub 9 6.72 30.78 
upmeadow 4 1.42 6.49 
barerock 1 0.29 1.34 
upforest 3 8.89 40.74 
lgbar 1 0.01 0.02 
channel 1 1.37 6.27 
total 21.82 100.00 
riparian vegetation 8.91 40.82 
gravel bars 0.95 4.35 
bankfull channel 2.32 10.62 
% gbars 40.99 
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1956 Lake Creek (Site 14) 
map unit # polygons area (ha) % area 
ripshrub 9 6.01 28.72 
ripfrst 6 1.93 9.21 
gbar 10 1.12 5.33 
upmdw 5 1.33 6.34 
channel 1 1.39 6.63 
upforest 1 8.64 41.31 
barerock 1 0.23 1.11 
conifer 2 0.03 0.12 
bvpond 2 0.13 0.64 
ripmdw 1 0.04 0.19 
Igbar 3 0.08 0.39 
total 20.92 100.00 
riparian vegetation 8.00 38.24 
gravel bars 1.20 5.72 
bankfull channel 2.59 12.36 
% gbars 46.31 
1988 Lake Creek (Site 14) 
Igbar 3 0.13 0.62 
gbar 12 2.19 10.06 
ripshrub 9 5.86 26.94 
upmeadow 4 1.09 4.99 
bp 5 0.45 2.08 
ripmdw 2 0.25 1.14 
ripfrst 3 1.27 5.86 
channel 1 1.75 8.03 
upforest 2 8.49 39.02 
barerock 1 0.28 1.26 
total 21.76 100.00 
riparian vegetation 7.38 33.94 
gravel bars 2.32 10.68 
bankfull channel 4.07 18.71 
% gbars 57.06 
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1939 Lake Creek (Site 16) 
map unit # polygons area (ha) % area 
ripmdw 8 1.18 8.17 
ripshrub 15 10.43 72.50 
channel 1 1.38 9.62 
upmdw 7 0.98 6.79 
conifer 8 0.08 0.57 
Igbar 3 0.03 0.23 
gbar 15 0.31 2.13 
total 14.38 100.00 
riparian vegetation 11.68 81.23 
gravel bars 0.34 2.36 
bankfull channel 1.72 11.97 
%gbar 19.69 
1957 Lake Creek (Site 16) 
ripmdw 4 0.97 7.32 
ripshrub 4 9.90 74.80 
channel 1 0.80 6.05 
upmdw 7 0.82 6.19 
gbar 24 0.61 4.61 
conifer 6 0.06 0.46 
Igbar 2 0.02 0.18 
water 1 0.03 0.21 
Iripshr 2 0.03 0.19 
total 13.23 100.00 
riparian vegetation 10.95 82.77 
gravel bars 0.63 4.79 
bankfull channel 1.43 10.84 
%gbar 44.21 
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1988 Lake Creek (Site 16) 
map unit # polygons area (ha) %area 
ripmdw 6 2.78 18.93 
ripshrub 12 8.33 56.61 
gbar 26 0.49 3.36 
channel 1 1.07 7.30 
upmdw 8 1.18 8.05 
conifer 13 0.12 0.79 
mstunveg 2 0.36 2.42 
bvpond 2 0.16 1.06 
water 6 0.08 0.55 
Igbar 5 0.08 0.56 
road 1 0.05 0.37 
total 14.71 100.00 
riparian vegetation 11.58 78.76 
gravel bars 0.58 3.92 
bankfull channel 1.65 11.22 
¾gbar 34.94 
1956 Clear Creek (Site 10) 
map unit # polygons area (ha) % area 
conifer 16 1.11 4.44 
upmdw 9 11.54 46.01 
ripshrub 16 10.20 40.65 
channel 1 0.93 3.71 
gbar 22 0.50 1.97 
bvpond 7 0.78 3.11 
Iripshrb 2 0.03 0.11 
total 25.09 100.00 
riparian vegetation 10.23 40.76 
gravel bars 0.50 1.97 
bankfull channel 1.43 5.69 
% gbars 34.71 
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1988 Clear Creek (Site 10) 
map unit # polygons area (ha) % area 
conifer 15 1.12 4.48 
upmdw 10 10.87 43.41 
ripshrub 16 10.06 40.17 
gbar 25 0.40 1.60 
Igbar 6 0.09 0.35 
bvpond 5 1.41 5.65 
Iripshrb 4 0.11 0.42 
channel 1 0.98 3.93 
total 25.05 100.00 
riparian vegetation 10.09 40 .28 
gravel bars 0.49 1.95 
bankfull channel 1.47 5.88 
% gbars 33.13 
1939 Clear Creek (Site 8) 
map unit # polygons area (ha) % area 
gbar 19 1.32 3.39 
ripfrst 8 9.78 25 .20 
channel 1 1.94 4.99 
upforest 2 24.22 62.40 
ripshrub 3 1.07 2.76 
Igbar 3 0.31 0.80 
Iripshrb 1 0.18 0.46 
total 38.82 100.00 
riparian vegetation 11.03 28.42 
gravel bars 1.63 4.19 
bankfull channel 3.56 9.18 
% gbars 45.67 
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1956 Clear Creek (Site 8) 
map unit # polygons area (ha) %area 
gbar 21 1.45 3.87 
ripfrst 10 8.53 22.74 
ripshrub 8 2.23 5.94 
upforest 2 23.58 62.89 
Igbar 2 0.02 0.04 
channel 1 1.70 4.52 
total 37.49 100.00 
riparian vegetation 10.75 28.68 
gravel bars 1.47 3.91 
bank.full channel 3.16 8.43 
%gbars 46.38 
1988 Clear Creek (Site 8) 
gbar 22 1.57 4.05 
ripfrst 9 9.82 25.29 
channel 1 1.80 4.63 
upforest 2 24.48 63.06 
bp 2 0.06 0.15 
ripshrub 4 0.90 2.33 
Igbar 3 0.12 0.30 
Iripshrb 1 0.07 0.19 
total 38.82 100.00 
riparian vegetation 10.79 27.80 
gravel bars 1.69 4.35 
bankfull cqannel 3.49 8.99 
% gbars 48.44 
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1956 Cottonwood Creek (Site 4) 
map unit # polygons area {ha) % area 
ripfrst 12 2.55 27.80 
trib 1 0.02 0.21 
ripshrub 8 1.95 21.28 
gbar 5 0.03 0.36 
channel 1 0.82 8.95 
bvpond 1 0.34 3.70 
Iripshrb 3 0.07 0.81 
Igbar 1 0.01 0.07 
road 2 0.12 1.29 
upforest 1 3.26 35.53 
total 9.18 100.00 
riparian vegetation 4.58 49.90 
gravel bars 0.04 0.43 
bankfull channel 0.86 9.38 
% gbars 4.62 
1988 Cottonwood Creek (Site 4) 
ripfrst 16 2.21 23.68 
channel 1 0.46 4.91 
ripshrub 5 3.01 32.27 
Iripshrb 3 0.02 0.17 
bvpond 4 0.38 4.05 
gbar 5 0.02 0.26 
upforest 1 3.21 34.43 
trib 1 0.02 0.22 
total 9.32 100.00 
riparian vegetation 5.23 56.12 
gravel bars 0.02 0.26 
bankfull channel 0.48 5.17 
% gbars 5.12 
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1957 Cottonwood Creek (Site 3) 
map unit # polygons area (ha) % area 
Xupland 3 6.70 55.55 
ripfrst 2 4.16 34.52 
channel 1 0.34 2.80 
gbar 4 0.06 0.47 
irripfst 1 0.46 3.85 
upshrub 1 0.34 2.80 
total 12.06 100.00 
riparian vegetation 4.63 38.38 
gravel bars 0.06 0.47 
bankfull channel 0.40 3.28 
% gbars 14.47 
1988 Cottonwood Creek (Site 3) 
Xupland 3 6.90 57.23 
ripfrst 4 3.66 30.37 
channel 1 0.43 3.57 
gbar 3 0.02 0.15 
ripshrub 3 0.28 2.36 
irripfrt 1 0.44 3.61 
upshrub 1 0.33 2.70 
total area 12.05 100.00 
riparian vegetation 4.38 36.34 
gravel bars 0.02 0.15 
bankfull channel 0.45 3.73 
% gbars 4.11 
Appendix C 
Plates 
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Plate 1. Planform maps compiled from the most recent ( 1988) historic aerial photographs 
at four field sites. 
Plate 2. Historic maps from Clear Creek (Site 10). Maps show an increase in beaver 
activity along the active channel, but minimal change in channel morphology or plant 
community distribution . 
Plate 3. Historic maps from Clear Creek (Site 8). Maps show moderate change in 
channel morphology and plant community distribution. 
Plate 4. Historic maps from Lake Creek (Site 15). Maps show substantial increase in 
exposed bars, loss of riparian vegetation adjacent to the channel, widening of the active 
channel, and a shift from a meandering channel to a more straight and braided system. 
Plate 5. Historic maps from Lake Creek (Site 14). Maps show a decrease in sinuosity, 
widening of the channel, loss of riparian vegetation, and increase in exposed bars adjacent 
to the active channel. 
Plate 1. Four Field Sites: August 1988 
Clear Creek (Site 10) 
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